Thymoquinone (TQ) is the main active constituent of Nigella sativa seeds. The objective of this study was to explore the protective effects of TQ on diazinon (DZN)-induced liver toxicity in the mouse model. The animals were divided into five groups of 6 each and treated intraperitoneally. Group 1 received the vehicle, group 2 was given 16 mg/kg DZN, group 3 received 5 mg/kg TQ, and groups 4 and 5 were treated with 1.25 and 5 mg/kg of TQ as well as 16 mg/kg DZN, respectively. Finally, butyrylcholinesterase (BChE), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) serum activity as well as nitric oxide (NO), lipid peroxidation (LPO), total antioxidant capacity (TAC), total thiol molecule (TTM), and histopathological experiments were evaluated in the liver samples. Our findings showed that DZN caused a significant increase in ALT (P < 0.01), AST (P < 0.001), ALP (P < 0.001) serum levels, LPO (P < 0.001) and NO (P < 0.001), the depletion of the TAC (P < 0.05) and TTM (P < 0.001), and structural changes in the liver tissue. Following TQ administration, a significant improvement was observed in the oxidative stress biomarkers in the liver tissue. In addition, our biochemical findings were correlated well to the histopathological examinations. In conclusion, the data from this study indicate that the administration of TQ may prevent liver damage by preventing free radical formation in animals exposed to DZN.
INTRODUCTION
Thymoquinone (TQ), or 2-isopropyl-5-methyl-1,4-benzoquinone (Fig. 1A) , is the main active constituent of the volatile oil of Nigella sativa seeds (1, 2) . Thymoquinone has various pharmacological properties such as analgesic, anti-inflammatory, antibacterial, anti-diabetic, and anti-cancer effects (3) . In addition, TQ supplementation can noticeably protect different organs against the oxidative damage induced by some oxidising agents including sodium nitrate (4) and aflatoxin B1 (2) .
Organophosphorus compounds (OPCs) are commonly used as effective insecticides in agricultural pest control. 
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In addition to the irreversible inhibition of acetylcholinesterase (AChE) activity in the synaptic terminals of the nervous system, the occurrence of oxidative stress (OS) has been reported as the chief mechanism of OPCs toxicity (5) (6) (7) .
Previous studies have confirmed the hepatotoxic effects of OPCs in different animal models (5, 8, 9) . For instance, Kalender et al. showed that OPCs can increase the levels of the liver enzymes such as alanine transaminase (ALT) and aspartate transaminase (AST) as well as histopathological changes of hepatic tissue in the rat (9) . In addition, Mostafalou et al. found that OPCs exert several toxic effects on liver function through oxidative damage and inflammatory reactions (5) .
Oxidative stress is the result of an imbalance between antioxidant agents and free radicals involved in cellular damage (10) . (Fig. 1B) , is one of the most widely used OPCs pesticides in the agriculture and public health (7) . This organophosphate insecticide affects mitochondrial membrane transport in the hepatocytes, and it is associated with the occurrence of OS and risk of liver failure in animals and human (11, 12) . Based on existing evidence, the present study was designed to evaluate the effects of TQ on the oxidative damage induced by DZN in the liver tissue of mice.
MATERIALS AND METHODS
All chemicals were obtained from Merck (Darmstate, Germany) unless otherwise stated. Thymoquinone (98% purity, CAS#: 490-91-5), 5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB), dimethyl sulfoxide (DMSO) (99% purity, CAS#: 67-68-5), N-(1-naphthyl) ethylenediamine dihydrochloride (NED), 2-thiobarbituric acid (TBA), and 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ) were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA). Diazinon (99% purity, CAS#: 333-41-5) was a gift from the Shimi-Keshavarz Pesticide Production Co., Tehran, I.R. Iran.
Animals
Male albino mice (25) (26) (27) (28) (29) (30) 
Safety dose determination of thymoquinone
The TQ effects were evaluated on butyrylcholinesterase (BChE) and hepatic enzymes in the range of 1.25-10 mg/kg basis of pilot studies. Following one week treatment, the TQ up to 5 mg/kg produced no sign of toxicity in the animals ( Table 1) . Statistical analysis used one-way ANOVA with Tukey's test. Values are expressed as means ± SD, n = 6 for each group.
# P < 0.05 vs control group. BChE, butyrylcholinesterase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TQ, thymoquinone.
Experimental protocol and groups
The mice were divided into five groups of 6 each and treated for one week by intraperitoneal (i.p.) injection as follows: group 1 received DMSO (10%) as a vehicle. Group 2 received 16 mg/kg of DZN. Group 3 received 5 mg/kg of TQ, and groups 4 and 5 were administrated DZN (16 mg/kg) following treatment with 1.25 and 5 mg/kg of TQ, respectively. The injection volume was 0.2 mL for each animal. At the end of study course, the mice were weighed and then anaesthetized with ketamine at 50 mg/kg and xylazine 10 mg/kg (13) .
Blood samples were collected by cardiac puncture, and serum separated for biochemical experiments. After isolation of liver, a portion of this tissue was homogenized in phosphatebuffered saline (PBS, pH 7.4). The liver homogenate (10%, w/v) were centrifuged at 3000 g for 10 min at 4 °C. Then, the supernatants were separated and kept at -80 °C until the biochemical analysis. In addition, the other portion of liver was fixed in 10% buffered formalin for histopathological examination.
Serum enzymes analysis
The serum BChE activity was determined by calculating the rise in yellow color due to the production of thiocholine when it reacts with DTNB as described by modified Ellman's spectrophotometric method according to Ozarowski et al. (14) . Serum ALT, AST, and alkaline phosphatase (ALP) activity were determined by enzymatic colorimetric kits (Pars Azmun kit, Iran).
Evaluation of hepatic oxidative damage
Liver nitric oxide (NO) was assessed using Griess reagent (1% sulfanilamide, 0.1% NED, and 2.5% phosphoric acid) (15) . In addition, total antioxidant capacity (TAC) and lipid peroxidation (LPO) in liver were determined by ferric reducing ability of plasma and thiobarbituric acid reactive substances methods, respectively; as described in the previous study (16) . Total thiol molecule (TTM) was assessed using DTNB as the reagent (17) . At the end of each experiment, protein content was determined in the crude homogenate of liver according to Bradford method using bovine serum albumin (BSA) as a standard.
Histopathological examination
After dissection, about half of the liver was detached from the mice and was held in 10% formalin for at least 24 h to be maximally fixed. The organ was sampled into a portion with 2 to 3 mm thickness; embedded in a plastic capsule. The paraffin-embedded block was prepared by automatic tissue processor, Autotechnique. Then, the tissue was cut into 4 µm thick sections by a rotating microtome with at least 3 cross-section of tissue on each slide. They were stained with hematoxylin and eosin (H&E) dye and were examined for histopathological changes (2, 18) .
Statistical analysis
The data are expressed as the mean ± standard deviation (SD) and analyzed by Graph Pad Prism software, version 6.0. The statistical difference of the values was determined by one-way analysis of variance (ANOVA) with Tukey's test for multiple comparisons. A P-value of less than 0.05 was considered statistically significant.
RESULTS

The effects of thymoquinone on serum enzyme biomarkers
Our findings revealed that TQ up to 5 mg/kg produced no sign of toxicity ( Table 1) . As shown in Fig. 2A , a significant decrease in BChE activity was observed in DZN and treatment groups compared to control group (P < 0.001). In addition, the administration of DZN could significantly increase ALT (P < 0.01), AST (P < 0.001), and ALP (P < 0.001) serum activity in comparison with the control (Fig. 2B-2D, respectively) . Thymoquinone administration could improve the serum levels of aminotransferase enzymes (ALT, AST, and ALP) in animals exposed to DZN.
The effects of thymoquinone on oxidative stress biomarkers
Following D Following DZN administration, the levels of LPO (Fig. 3A) and NO (Fig. 3B) were increased (P < 0.001) and TAC (Fig. 3C) , as well as TTM (Fig. 3D ) levels, were decreased in liver tissue compared to control group (P < 0.05 and P < 0.001; respectively). In this study, a remarkable decrease was observed in LPO and NO levels after treatment with different doses of TQ compared to DZN group. In addition, a significant improvement was observed in TAC and TTM levels, after administering a low dose of TQ (P < 0.05).
The effects of thymoquinone on histopathological changes
The histopathological examinations showed some pathological changes in liver tissue, including necrosis, inflammation, hyperplasia of kupffer cells, disruption of hepatocytes, sinusoidal dilatation, and infiltration of mononuclear cells, in DZN group. Thymoquinone prevented some of the histopathological changes of DZN such as necrosis and decreased disruption of hepatocytes in liver tissue (Fig. 4, Table 2 ). Values are expressed as means ± SD, n = 6 for each group. # P < 0.05, ### P < 0.001 vs control group; *P < 0.05, **P < 0.01 ***P < 0.001 vs DZN group. 
DISCUSSION
Our findings showed that DZN at 16 mg/kg induced liver injury in male mice and low doses of TQ prevented its hepatotoxic effects. The BChE enzyme, as a specific biomarker in OPC poisoning (5,7), was significantly decreased in animals received DZN. However, there was no significant difference in the serum BChE enzyme activity between TQtreated groups and DZN positive control group. This clearly shows that TQ may not have an affinity for the BChE enzyme.
The hepatic enzymes of serum ALT, AST, and ALP are well known as biomarkers for early acute hepatic injury (19) . The levels of these enzymes were significantly increased in the DZN group alongside the pathologic changes. The raised levels of the ALT and AST enzymes in the serum indicated cellular leakage and loss of functional integrity of the liver cell membrane (20) . In addition, elevated contents of ALP may reflect impaired biliary tract function (21) . The level of serum ALP might be raised due to the presence of increased biliary pressure and cholestasis (21, 22) .
Several studies have reported the hepatotoxicity of OPC in various animal models (9, 23, 24) . Because the toxicity of OPC, similar to that of other oxidant agents, is associated with OS (5), LPO, and NO (as oxidant biomarkers), TAC and TTM (as antioxidant indices), these markers were measured in this study. Our findings showed that LPO and NO increased and the TAC and TTM decreased in the liver tissue of DZN group, indicating the induction of OS due to DZN toxicity. In many studies, oxidative damage induced by various OPCs such as DZN (11) and malathion (25) has been reported. Mitochondrial dysfunction (26) , excessive acetylcholine accumulation and the alteration of antioxidative enzymes such as superoxide dismutase and catalase (27) and thiol molecules depletion, such as glutathione (28) are the most important mechanisms for oxidative liver damage due to OPC toxicity. In addition, it is known that NO reacts with high affinity with superoxide anion, thereby producing the highly toxic and pro-apoptotic peroxynitrite that triggers inflammatory processes and contributes directly to oxidative damages (29) .
In previous studies, the protective effects of TQ have been confirmed in other models of liver toxicity due to various agents such as acetaminophen (30) , antituberculosis drugs (31) and carbon tetrachloride (32) . In the present study, the hepatoprotective effects of TQ were in accordance with our previous findings that TQ inhibits aflatoxin B1-induced hepatotoxicity through the suppression of lipid peroxidation and the prevention of the depletion of intracellular antioxidants (2) . Thymoquinone is a structural analogue to o-benzoquinones and is able to inhibit the covalent binding of free radical products to intracellular macromolecules such as lipids (32) . In addition, the administration of TQ effectively induces increases in glutathione transferase and quinone reductase activity, even in the absence of toxic agents (33). Therefore, these two mechanisms can enhance the intracellular antioxidant system following administration of a low dose of TQ.
In previous study, the median lethal dose (LD 50 ) of TQ (in olive oil, as a vehicle) was determined to be 104.7 mg/kg (89.7-119.7 mg/kg, 95% confidence interval) in mice after i.p. injection (34). Despite of TQ safe dose which were used in this study, the therapeutic effects of low dose TQ were relatively better than high doses of this substance. The difference in vehicles for TQ may be one of the causative agents for the changes in TQ efficiency. In some studies, polar solvents, such as normal saline and phosphate buffer, have been used as a vehicle for TQ (2, 4) , while in this study, 10% DMSO was used to dissolve the TQ. This difference in solvents seems to be the major cause of the difference in the optimum doses in the different studies. Dimethyl sulfoxide, a penetration enhancer with less toxicity (LD 50 = 4-9 g/kg), has a high penetrance into cell membranes and is usually used as a vehicle for local drug delivery (35). Dimethyl sulfoxide may facilitate the transport of TQ into cells, increasing the TQ potency on one hand and decreasing the therapeutic window on the other hand.
CONCLUSION
This study showed that TQ can prevent hepatic DZN toxicity by improving the tissue antioxidant state. Our findings may offer a new approach for clinical trials using TQ as an adjuvant in organophosphate poisoning management. 
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